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Many investigations have reported the successful mapping of quantitative trait loci (QTLs) for gene expression phenotypes
(eQTLs). Local eQTLs, where expression phenotypes map to the genes themselves, are of especially great interest, because they
are direct candidates for previously mapped physiological QTLs. Here we show that many mapped local eQTLs in genetical
genomics experiments do not reflect actual expression differences caused by sequence polymorphisms in cis-acting factors
changing mRNA levels. Instead they indicate hybridization differences caused by sequence polymorphisms in the mRNA region
that is targeted by the microarray probes. Many such polymorphisms can be detected by a sensitive and novel statistical
approach that takes the individual probe signals into account. Applying this approach to recent mouse and human eQTL data,
we demonstrate that indeed many local eQTLs are falsely reported as ‘‘cis-acting’’ or ‘‘cis’’ and can be successfully detected and
eliminated with this approach.
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INTRODUCTION
Genetical genomics–linkage and association analyses of, for
example, gene expression phenotypes with the help of microarray
data – is a promising strategy to identify regulatory determinants
of complex traits or diseases [1–3]. The genetical genomics
approach treats the gene expression phenotypes for each in-
dividual gene over microarrays as quantitative trait. Combined
with a genetic map, quantitative trait variation can be mapped to
one or more expression quantitative trait loci (eQTLs). An eQTL
is said to be a local eQTL if it is on or near the genomic position of
the gene, or distant if it is located elsewhere [2]. A local eQTL can
include influential polymorphisms in a cis-acting factor, in which
case it is said to be a cis-acting eQTL or cis eQTL in short.
Particularly cis eQTLs may identify direct targets for diagnosis and
treatment. It is important, therefore, that such cis eQTLs are
identified with high accuracy and reliability. However, recent
mouse studies showed that no less than 10 out of 28 genes with
putative cis eQTLs could not be confirmed by quantitative RT-
PCR [4]. Notably mRNA sequence diversity in probe regions is
known to influence hybridization on microarrays considerably
[5,6]. The mRNA that is identical to the probes on the
microarrays hybridizes better than the mRNA that is not identical
to those probes. This causes a difference in signal between
individuals with different mRNA variants, even if they have equal
amounts of mRNA (gene expression). In a previous analysis we
have shown how two SNPs in mouse gene ALDH9A1 caused
a differential hybridization signal [7]. Here we show more
examples and clearly demonstrate how in expression data from
human and mouse, polymorphisms in the mRNA sequence are
often falsely interpreted as cis eQTLs.
If a single or a few probes in a probe set distort the
interpretation of the hybridization data, a statistical approach
that takes the data of individual probes into account could identify
and eliminate deviating probes and use the remaining probes for
analysis. In a comparison of human and chimpanzee expression
data, Hsieh et al. [8] eliminated probes one by one until the
correlation between the profiles of the two species was .0.95.
Although their method is used to eliminate deviating probes, it can
not statistically test whether some probes are indeed ‘‘telling
a different story’’. Here we propose an extension of their method
into a statistical inference procedure. We present a conceptually
simple and sensitive statistical method to detect deviating and
potentially problematic probes in a probe set, and we assess the
utility of the new method.
MATERIALS AND METHODS
eQTL analysis
In this paper, a human and a mouse expression data set were
analyzed. The human data set concerns samples of immortalized
lymphoblastoid cells of 57 CEPH individuals hybridized to
Affymetrix HG-Focus GeneChips [9] and the mouse data set
concerns samples of hematopoietic stem cells of 30 BXD
recombinant inbred lines hybridized to Affymetrix MG-U74Av2
GeneChips [10]. The expression data were reanalyzed using
a previously reported analysis of variance (ANOVA) approach [7],
here extended with a procedure to eliminate deviating probes. In
short, the ANOVA model decomposes the probe signals for a given
probe set into log(yij)=m+Pj+Ai+PAij+ei+eij, where yij is the
hybridization signal of the j
th probe of the i
th sample, m is the
average signal, Pj is the average effect of the j
th probe, Ai is the
average effect of the allele carried by the i
th sample at a given
genome position, PAij is the interaction effect between probe and
allele type, ei is an error term per sample and eij is a probe-specific
error term per sample. For the mouse data, additional parameters
for batch effect were added (see [7]). This method is more general
and flexible than the correlation approach of Hsieh et al. [8].
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The ANOVA model is used to calculate the statistical significance of
the interaction effects PAij. The data on genes with distant eQTLs
only, not affected by sequence diversity in the probe regions, give
a good estimate of the (limited) amount of interaction present in any
probe set. We therefore computed the p-values for statistical
significance of the interaction terms PAij for each of these genes in
mouse, and used the 99
th percentile of these p-values as a threshold
forgeneswithputativecis eQTLsinthehumanandmousedata.The
procedure for the evaluation of genes with putative cis eQTLs starts
byflagging allputative cis eQTLswith a significantinteraction effect,
i.e. below the threshold. Next, for all flagged genes, each individual
probe is temporarily removed and the interaction effect among the
remainingprobesiscalculated.Theprobewhoseremovalcaused the
largest increase in p-value of interaction effects is permanently
eliminated. This procedure is repeated with the remaining probes
until the p-value of interaction effects is above the threshold. The
remaining probes are used for a final eQTL analysis. In cases where
many probes contain SNPs, probes affected by SNPs but also probes
not affected by SNPs can be considered as outliers and can be
eliminated by the statistical method. To take this into consideration,
all genes for which over 50% of the probes are eliminated remain
flagged as having potential false cis eQTLs.
RESULTS
Human Affymetrix GeneChip arrays
We simulated the occurrence of randomly distributed SNPs in
Affymetrix probes using a conservative prediction of one SNP per
1000 base pairs [11]. This simulation showed that many probe sets
are expected to contain one or more SNPs. For example, we
predict that at least 200 probe sets of 11 probes per probe set will
carry SNP variation in three or more probes on the human
genome HG-U133 Plus 2.0 arrays. We also studied the
distribution of known HapMap SNPs within probes; we BLASTed
the Affymetrix probes of HG-U133 Plus 2.0 against the HapMap
SNPs in the ten 500-kilobase ENCODE regions that were
resequenced in 48 unrelated DNA samples (http://www.hap-
map.org/downloads/encode1.html.en). Among the 136 probe sets
present in these HapMap-ENCODE regions, 33 probe sets have
SNPs in at least one probe (24%), and 5 probe sets have SNPs in
three or more probes (4%). The hybridization expected to result
from such variation could seriously mislead the interpretation of
data from individual genes, even if only a single probe is affected.
In an extensive genetical genomics experiment using Affymetrix
arrays on 57 CEPH individuals, thirteen putative cis eQTLs were
found in immortalized lymphoblastoid cells [9]. One of these
eQTLs was for gene HSD17B12. Analysis of variance of the probe
data of HSD17B12 with the statistical method outlined above
confirms strong evidence for a local (possibly cis) eQTL when all
probe data are used (Figure 1). However, the evidence becomes
non-significant when the data of only probe 8 is left out. Inspection
of the individual probe data shows that probe 8 is the only one of
eleven probes that shows a clear differential hybridization signal.
The Affymetrix MAS 5.0 algorithm that is routinely used to
summarize probe level data is not able to single out this single
probe, neither are the alternative methods dChip [12] or RMA
[13]. In the CEPH individuals used, the HapMap data [11] only
report an SNP (rs1061810) in probe 8, that is located at position
15 in the probe and shows A/C variation for the CEPH
individuals. This SNP is strongly linked with the SNP
(rs4755741) found in the association study that shows A/G
variation. The data therefore indicate that the mRNA from
individuals that are homozygous A for SNP rs4755741 hybridizes
better than mRNA from individuals that are homozygous G for
that SNP. This is as expected, because the mRNA from individuals
that are homozygous A is identical to the probe sequence, whereas
the mRNA from individuals that are homozygous G has
a mismatch. Our procedure correctly flagged gene HSD17B12
and correctly eliminated probe 8.
A similar case is HLA-DQB1, reported as HLA-DRB2, for
which a cis eQTL was reported in the same study [9]. We
sequenced the HLA-DQB1 alleles of two individuals. Differences
in the hybridization signal between these individuals could be
attributed to differences between probe sequences and the actual
mRNA sequences from different individuals (Figure 1). Our
procedure correctly flagged gene HLA-DQB1 because more than
50% of its probes would have to be eliminated.
Mouse Affymetrix GeneChip arrays
In an extensive genetical genomics experiment using Affymetrix
arrays on 30 recombinant inbred lines in mouse, many putative cis
eQTLs were reported [10]. Here we estimate how many of these
putative cis eQTLs were caused by differential hybridization
resulting from polymorphisms in probe regions, rather then by
differential expression. We simulated the occurrence of randomly
distributed SNPs in the Affymetrix mouse probes using a conser-
vative estimate of one SNP per 1000 base pairs. This simulation
confirmed that again many probe sets are expected to contain one
or more SNPs. For example, we predict that at least 302 probe sets
will carry SNP variation in three or more probes on the mouse
genome U74Av2 arrays with 16 probes per probe set.
Tostudythe potentialinfluence of SNPsinprobe setson cis eQTL
identification, we investigated the 100 most significant putative cis
eQTLs in detail. Cis eQTLs can show a higher hybridization signal
for the mice carrying the B6 allele (called cis
B6), or a higher
hybridization signal for the mice carrying the D2 allele (called cis
D2).
Because the microarray was primarily designed based on the B6
sequence, the occurrence of sequence diversity in probe regions
would predict an excess of cis
B6 eQTLs. Indeed there were
significantly more cis
B6 eQTLs: 70 cis
B6 vs. 30 cis
D2 (P,0.01; chi-
square test). Without sequence diversity in probe regions we would
expect as many cis
B6 eQTLs as cis
D2eQTLs, that is, 30. The number
of false cis
B6 eQTLs is estimated as the observed number of cis
B6
minus the expected number of cis
B6, so 70–30=40. This shows that
almost half of the reported 100 most significant cis eQTLs are
probably due to sequence diversity in probe regions. When applying
the statistical method outlined above, 25 of the 70 cis
B6 eQTL (36%)
were flagged as potentially false cis eQTLs. Two were flagged
becausemorethan 50% of theprobeswereeliminated,22othercis
B6
lost significance, and one cis
B6 became cis
D2. In addition, 2 of the 30
cis
D2 eQTL (7%) were flagged as potentially false for reasons that we
discuss below.After thebackwardprobe elimination procedure, (70–
25=) 45 cis
B6 and (30–2+1=)29cis
D2 eQTLs remained, which is
not a significant excess (P=0.21; chi-square test). Our statistical
method reduced the initial distortion to a non-significant level.
To assess the utility of our method, we focused on the 32 known
SNPs between B6 and D2 in probes of the 100 most significant
putative cis eQTLs. From these, 30 SNPs were derived from
http://www.ncbi.nlm.nih.gov/projects/SNP/ and two additional
SNPs we had identified earlier [7]. These 32 SNPs affect 25 probe
sets on the microarray. Combining the hybridization signals with
the SNP data, we showed that in 15 of the 25 affected probe sets
the SNPs caused a difference in hybridization. Our method
correctly flagged these 15 SNP-containing probe sets and
successfully identified and eliminated only the SNP containing
probes in those probe sets. In the remaining 10 probe sets the
SNPs had no effect. This demonstrates that not every SNP causes
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PLoS ONE | www.plosone.org 2 July 2007 | Issue 7 | e622Figure 1. Identification of false cis eQTLs reported in a human association analysis. (A) Relative probe positions on the mRNA sequence (top) and
hybridization signals (bottom) for gene HSD17B12 for which a cis eQTL is reported [9]. Each line represents one individual and is colored according to
the allele that the individual carries for the associating SNP marker rs4755741. This marker is located in an intron of the HSD17B12 gene and it is
strongly linked with SNP rs1061810 located in probe 8. By discarding the data for probe 8, the significance for a cis eQTL disappears.
(B) Similar plot for gene HLA-DQB1 for which a cis eQTL is reported [9]. Lines are colored according to the allele the individual carries for the
associated SNP marker rs6928482. One red-line and one blue-line individual have been sequenced for the probe region; the numbers in red and blue
indicate the positions of SNPs within the 25-mer probe regions. The number in italic indicates a single nucleotide insertion in probe 2. We observed
23 SNPs (15 new ones) between these mRNA sequences and the 11 probes.
False cis eQTLs
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beginning or end of a probe, it can have little or even no effect on
hybridization [5]. These probe sets, for which no probes needed to
be eliminated, correctly remained unflagged.
Most probes on the mouse array are based on the B6 sequence,
but not all. It is therefore possible that a deletion or insertion in the
B6 sequence and/or an SNP between the B6 sequence and the
probe sequences can cause false cis
D2 eQTLs. Indeed, one of the two
cis
D2eQTLs that were flagged was found to be false:itwas caused by
a combination of a known deletion and an SNP in the B6 sequence
of gene H2-D1 in comparison to the probe sequences.
DISCUSSION
In genetical genomics experiments, putative cis eQTLs are thought
to often reflect differential gene expression between individuals [1–
4]. However, it is shown here that in many cases such putative cis
eQTLs should be considered with extra care: the data that are
interpreted as reflecting differential gene expression could actually
be due to sequence diversity in the probe regions. Without
expression differences, such erroneous cis eQTLs will not be
targets for diagnosis and treatment.
Our analysis of short-oligomer data from human and mouse
Affymetrix microarrays demonstrates that the issue of differential
hybridization due to sequence diversity in probe regions is system-
atic. In the mouse data, it caused an excess of cis
B6 eQTLs, because
the arrays were designed using sequences of the B6 parental line. In
a recent rat study [14] probes were mainly based on ESTs and
cDNA sequences from outbred animals and not from one of the
parental strains used to generate the segregating population.
Therefore no excess was observed, but this absence of an excess
does not mean that the data do not suffer from sequence diversity in
probe regions.
The occurrence of differential hybridization due to sequence
diversity in probe regions may be thought specific for short-
oligomer arrays: sequence differences in short sequences are
supposed to affect hybridization more than in longer sequences.
However, we also used 60-mer cDNA microarrays with one probe
per gene, designed on the basis of the sequence of the N2 strain of
Caenorhabditis elegans [15]. Among the 100 most significant putative
cis eQTLs there was an excess of 74 cis
N2 eQTLs (enrichment
significant at P,,0.001; chi-square test). This may indicate that
sequence diversity in probe regions can also result in false cis
eQTLs in case of long-oligomer microarrays.
To properly deal with the issue of differential hybridization due
to sequence diversity in probe regions, we recommend using
multiple (tiling) probes per gene that allow statistical filtering as
developed in this paper. Three metrics were helpful to assess the
utility of the statistical method in a set of 100 most significant
putative cis eQTLs in a mouse study:
(i) Is the statistical method flagging as many genes with cis
B6
eQTL as the observed excess of cis
B6 over cis
D2 eQTLs? The
excess is estimated to be 40, of which 25 are flagged. This
could suggest that 15 false positive cis
B6 eQTLs go
unnoticed. The power would then be approximately 63%.
However, after applying our procedure the remaining
unflagged genes do not show a significant excess and this
deviation from equal proportions could just as well reflect
random variation. That implies that the power can be much
higher than 63%. If wished, we could increase the power by
changing the settings of the elimination procedure to flag
more genes with cis
B6 eQTLs (possibly leading to more false
negatives). Peirce et al. [16] suggest that other biological
phenomena, for example directed loss of DNA in D2
relative to B6, could explain some excess of cis
B6 eQTLs.
(ii) Is the statistical method flagging only genes with cis
B6 eQTLs
and no genes with cis
D2 eQTLs? In addition to 25 genes with
cis
B6eQTLs,two genes with cis
D2eQTLs were flagged.One of
these cis
D2 eQTLs was due to a deletion and SNP, i.e. the gene
wascorrectlyflagged.Theenrichmentof25cis
B6over1cis
D2is
striking. Moreover, it cannot be excluded that also the second
gene with cis
D2 eQTL is flagged correctly. These results
strongly suggest that the method is very specifically flagging
a cis
B6 related phenomenon without erroneous rejections.
(iii) Is the statistical method flagging all probe sets carrying
known SNPs? Indeed, the method correctly flagged all 15
SNP-containing probe sets with influential sequence di-
versity in probe regions, successfully eliminated only the
SNP containing probes in those probe sets, and identified
100% of the false cis eQTLs. Probe sets with known SNPs
with no effect on hybridization were not affected by the
method (no probes eliminated; gene not flagged). Amongst
the 25 flagged genes with cis
B6 eQTLs, 15 carry known
SNPs, but the remaining 10 do not. This could suggest 40%
erroneous rejections of true cis eQTLs but, in combination
with (ii) above, more likely reflects the (still) incomplete
information on SNPs or other forms of polymorphisms, such
as insertions and deletions between B6 and D2.
Obviously statistics alone can not solve what is essentially
a biological phenomenon: sequence diversity in probe regions
between individuals. For this reason we strongly recommend that
additional genome-wide methods to characterize polymorphisms
[17], re-sequencing of probe regions, and alternative ways of gene
expression profiling are employed whenever strong claims about
cis eQTLs are to be made. Only then large-scale mapping of the
determinants of gene expression will become truly informative.
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(C) Visualization of the probes for gene HSD17B12 in the UCSC Genome Browser. Below the genomic sequence the probes are displayed in blocks.
The block labels contain: probe set name, probe number, orientation on the genome (.. or ,,) and probe sequence. Probe 8 and SNP rs1061810
are encircled. There is one SNP in probe 8, as was expected from probe signals. The inserted area shows information about this SNP; dbSNP shows the
diversity of the SNP in the CEPH population.
(D) Similar plot for gene HLA-DQB1. Probes 1-4 that do not perfectly match the genome are displayed in light blue. The current data in Genome
Browser show fewer SNPs than we found in our own sequencing effort.
doi:10.1371/journal.pone.0000622.g001
False cis eQTLs
PLoS ONE | www.plosone.org 4 July 2007 | Issue 7 | e622REFERENCES
1. Jansen RC, Nap JP (2001) Genetical genomics: the added value from
segregation. Trends Genet 17: 388–391.
2. Rockman MV, Kruglyak L (2006) Genetics of global gene expression. Nat Rev
Genet 7: 862–872.
3. Jansen RC, Nap JP (2004) Regulating gene expression: surprises still in store.
Trends Genet 20: 223–225.
4. Doss S, Schadt EE, Drake TA, Lusis AJ (2005) Cis-acting expression quantitative
trait loci in mice. Genome Res 15: 681–691.
5. Hughes TR, Mao M, Jones AR, Burchard J, Marton MJ, Shannon KW, et al.
(2001) Expression profiling using microarrays fabricated by an ink-jet
oligonucleotide synthesizer. Nat Biotechnol 19: 342–347.
6. Gilad Y, Rifkin SA, Bertone P, Gerstein M, White KP (2005) Multi-species
microarrays reveal the effect of sequence divergence on gene expression profiles.
Genome Res 15: 674–680.
7. Alberts R, Terpstra P, Bystrykh LV, de Haan G, Jansen RC (2005) A statistical
multiprobe model for analyzing cis and trans genes in genetical genomics
experiments with short-oligonucleotide arrays. Genetics 171: 1437–1439.
8. Hsieh WP, Chu TM, Wolfinger RD, Gibson G (2003) Mixed-model reanalysis
of primate data suggests tissue and species biases in oligonucleotide-based gene
expression profiles. Genetics 165: 747–757.
9. Cheung VG, Spielman RS, Ewens KG, Weber TM, Morley M, et al. (2005)
Mapping determinants of human gene expression by regional and genome-wide
association. Nature 437: 1365–1369.
10. Bystrykh L, Weersing E, Dontje B, Sutton S, Pletcher MT, et al. (2005)
Uncovering regulatory pathways that affect hematopoietic stem cell function
using ‘genetical genomics’. Nat Genet 37: 225–232.
11. International HapMap Consortium (2005) A haplotype map of the human
genome. Nature 437: 1299–1320.
12. Li C, Wong WH (2001) Model-based analysis of oligonucleotide arrays:
expression index computation and outlier detection. Proc Natl Acad Sci U S A
98: 31–36.
13. Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, et al. (2003)
Exploration, normalization, and summaries of high density oligonucleotide array
probe level data. Biostatistics 4: 249–264.
14. Petretto E, Mangion J, Dickens NJ, Cook SA, Kumaran MK, et al. (2006)
Heritability and Tissue Specificity of Expression Quantitative Trait Loci. PLoS
Genet 2.
15. Li Y, Alvarez OA, Gutteling EW, Tijsterman M, Fu J, et al. (2006) Mapping
Determinants of Gene Expression Plasticity by Genetical Genomics in C.
elegans. Plos Genetics 2: e222.
16. Peirce JL, Li H, Wang J, Manly KF, Hitzemann RJ, et al. (2006) How replicable
are mRNA expression QTL? Mamm Genome 17: 643–656.
17. Gresham D, Ruderfer DM, Pratt SC, Schacherer J, Dunham MJ, et al. (2006)
Genome-wide detection of polymorphisms at nucleotide resolution with a single
DNA microarray. Science 311: 1932–1936.
False cis eQTLs
PLoS ONE | www.plosone.org 5 July 2007 | Issue 7 | e622